1. Postural vasoconstriction in the foot was examined in 15 women during the menstrual, follicular and luteal phases of the menstrual cycle, and in 13 age-matched men on two separate occasions, in a constant-temperature environment (22°C).
INTRODUCTION
The different phases of the normal menstrual cycle have been shown to be associated with variations in peripheral blood flow [l, 21 and peripheral venous distensibility [2, 3] as well as fluctuation in limb volume [4] . Moreover, female sex hormones (oestrogens and progesterone) are reported to have profound effects on peripheral blood flow in man [5] , and a strong modulating influence on vascular tone in both humans [6, 7] and animals [8-lo] . However, few data are available concerning the reaction of the peripheral vasculature in women to changes in limb posture at different stages of the reproductive cycle.
In normal subjects assumption of the upright posture or lowering the extremity below heart level is associated with a marked reduction in foot blood flow mediated by precapillary vasoconstriction in response to the increased hydrostatic pressure in the dependent position [ 111. The postural increase in precapillary resistance, that is thought to be largely mediated by a local sympathetic axon reflex [12] or a myogenic response [13] , limits the expected rise in capillary hydrostatic pressure [ 141, thereby reducing capillary filtration. Moreover, as filtration continues, the markedly reduced blood flow in the dependent extremity perfits a build-up of plasma Oncotic pressure [l51. The resulting limited rise in capillary hydrostatic pressure and the increase in plasma oncotic pressure associated with the postural vasoconstrictor response thus act as important oedema prevention mechanisms in the dependent position [16] . Cyclical oedema [17] is one of the characteristic features of the premenstrual syndrome [ 181.
Although it has been suggested that premenstrual oedema is related to fluctuations in the female sex hormones [19] , or an abnormality in the vasopressin and/or the reninangiotensin-aldosterone systems [ 181, the exact mechanism behind the excessive tissue fluid accumulation remains unclear. Nevertheless, the observation that oedema was precipitated by upright posture [20] and improved by the use of vasoconstrictor drugs [21] suggests that some form of a postural defect might exist in these women resulting in an undue pooling of blood in the dependent extremities [2 11 .
We have previously shown that the use of combined oral contraceptive steroids is associated with a marked attenuation of the postural vasoconstrictor response in the foot, particularly in women with premenstrual oedema [22] . The aim of the present study was to examine such responses in women at different stages of their normal menstrual cycles and relate the postural changes in flow to the swelling rate of the dependent foot and the blood levels of female sex hormones.
METHODS

Subjects
Fifteen women aged 20-39 years were studied during the menstrual (days 1-2), follicular (days 12-15) and luteal (days 21-26) phases of the menstrual cycle. Three of the women were studied on similar days of two consecutive cycles and six were studied on similar days of two non-consecutive cycles. All cycles ( n = 24), except two, were ovulatory cycles as judged by a characteristic biphasic basal body temperature [23] and/or changes in serum progesterone concentration. The cycles were regular ranging in length between 28 and 34 days. None of the women was taking oral contraceptive pills or any medication throughout the cycle under study. Observations were made from one menstrual period to the next, thus excluding the possibility of amenorrhoea or pregnancy. From the menstrual history taken at the end of the study, four of the women reported bilateral ankle oedema recurring monthly 4-7 days before the onset of menstruation. Physical examination was carried out in all women on each visit, and pitting oedema of the ankles was confirmed during the luteal phase in those subjects who complained of premenstrual oedema, but there was no clinical evidence of any cardiac, renal or hepatic disease.
Thirteen men aged 21-37 years were also studied during the same period on two separate occasions at least 1 week apart.
All subjects gave their informed consent to the study which was approved by the local Ethical Committee. Experiments were performed after 20-30 min of adaptation in a temperature-controlled room (22"C), at least 2 h after the last food, drink or smoking. Each subject wore similar clothing on repeat visits.
Measurement of the postural changes in foot skin blood flow
The postural vasoconstrictor response in the foot was assessed in all subjects by measuring the postural changes in foot skin blood flow using a laser Doppler flowmeter (Periflux MKVII; Perimed, Stockholm, Sweden) as described in detail elsewhere [24] . In brief, this noninvasive technique utilizes the Doppler shift of laser light backscattered from the moving erythrocytes in the cutaneous microcirculation to produce an output voltage flow signal linearly related to the product of erythrocyte concentration and velocity [25] . Repeated measurement of flow from the same skin area using this instrument produced coefficients of variation of 9.1-12.4%.
On each visit the flow (expressed in arbitrary units, as mV) was measured with the subject lying down, first with the foot maintained at heart level for 2 min ( H ) , then with the foot lowered passively 50 cm below the heart for 4 min (D) with the rest of the body remaining in the horizontal position. The postural fall in flow (YO) was calculated as ( H -D) x 100/H. Recordings were made on two different skin areas: (i) the dorsum of the foot (with no arteriovenous anastomoses), and (ii) the pulp of the big toe (with numerous anastomoses) [26] . During each experiment arterial blood pressure (using auscultation), heart rate (radial pulse) and body temperature (using a sublingual mercury clinical thermometer) were measured after at least 10 min of supine rest. Foot skin temperature was continuously recorded using a sensitive thermocouple (Comark Electronics Ltd, Littlehampton, Sussex, U.K.) during blood flow measurement. Body weight was also measured at the end of the experiment using an ordinary scale.
Determination of serum oestradiol and progesterone concentrations
In six women (seven cycles) venous blood samples were withdrawn from an arm vein, just before the start of the experiment for the analysis of female sex hormones on the observational days mentioned above. Serum oestradiol concentration was measured by a direct radioimmunoassay method (Steranti Research Ltd, St Albans, Herts, U.K.). Serum progesterone concentration was measured by a direct in-house radioimmunoassay using an antiserum raised against progesterone-1 1 a-hemisuccinate (Guildhay Antisera, Guildford, Surrey, U.K.).
Measurement of foot swelling rate
Towards the end of the study it appeared that there might be an association between the magnitude of the postural vasoconstrictor response and the degree of foot swelling on dependency. Therefore, postural vasoconstriction and foot swelling rate were simultaneously assessed in the last four women and three men studied. These were not the four women who complained of premenstrual ankle oedema, although one of these final four women did have clinically manifest oedema. Changes in foot circumference were measured on dependency of the foot ion the experimental days described above) using a strain gauge plethysmograph (Janssen Scientific Instruments, Beerse, Belgium) [27] at the time of the measurement of the postural changes in flow. The gauge encircled the foot midway between the ankle and toes. Foot swelling rate (expressed as ml min-' 100 ml-' foot) was derived from the slope of the steady-state foot swelling curve obtained during min 10-20 with the foot in the dependent position, thus avoiding the phase of changes in foot volume due to changes in vascular volume which often lasts for the initial 5 min [28] . The number of women and cycles involved in the various study protocols are presented in Table 1 .
Statistical analysis
The results are expressed as means k SEM, except the flow values measured in the toe pulp which are expressed as medians and ranges. Differences between the mean values of each variable (except percentages and toe pulp flows) obtained at different stages of the cycle were assessed by one-way analysis of variance. Differences between percentages and the toe pulp flows were assessed using Friedman's test (a non-parametric analysis of variance). Paired data were compared using Student's ttest or Wilcoxon's signed-rank test, Unpaired data were compared used Student's t-test for independent samples or Wilcoxon's rank sum test.
Throughout the text the use of 'menstrual', 'follicular' or 'luteal' phase refers to days 1-2, 12-15 and 21-26 of the cycle, respectively.
RESULTS
Comparison between men and women
In the men there was no significant difference in any of the variables assessed on the two visits ( Table 2 ). In the women, analysis of variance showed no significant differences in systolic blood pressure, heart rate or foot skin blood flow measured in the horizontal position on the dorsum of the foot at different stages of the cycle, whereas the analysis of variance revealed significant differences in During the luteal phase, diastolic and mean arterial pressures were significantly reduced, whereas heart rate, body temperature, foot skin temperature and the body weight were significantly increased as compared with both the follicular and menstrual phases of the cycle (Table 2) .
Female sex hormones
In five ovulatory cycles oestradiol concentrations were 130.8 f 28.3,684.3 k 350.9 and 569.9 f 80.9 pmol/l, and nmol/l during the menstrual, follicular and luteal phases of the cycle, respectively (Fig. la) . In two anovulatory cycles, during the late phase, there was no change in basal body temperature or serum progesterone concentration which remained at < 5 nmol/l throughout each of the two cycles, whereas serum oestradiol concentrations were 231,264,2101 and 377,567 and 611 pmol/l during the three phases of the two cycles, respectively.
Postural changes in flow during the cycle
In Fig. 1 , the postural changes in foot skin blood flow in the five ovulatory cycles are presented as related to serum oestradiol and progesterone. During the follicular phase, when oestradiol concentrations were high, there was a sigificant reduction in skin blood flow measured in the dependent foot associated with a significantly greater postural fall in flow as compared with the menstrual phase. During the luteal phase, however, when both oestradiol and progesterone levels were high, there was a significant increase in dependent flow associated with a significantly attenuated postural fall in flow as compared with both the follicular and menstrual phases (Fig. 1 and  Table 2 ), i.e. the postural vasoconstrictor response was preserved and even partially augmented during the follicular phase but markedly impaired during the luteal phase. The pattern of the response was quite similar in the two skin areas tested, but the flow values were much greater in the toe pulp than in the dorsum of the foot. In addition, the women showed significantly lower dependent flov measured on the toe pulp (P<O.Ol) during the follicular phase, and significantly higher dependent flow measured on the dorsum of the foot (P<O.OOl) during the luteal phase as compared with the corresponding values measured in the men at either visit (Table 2) . Also the percentage fall in flow on dependency was significantly lower in women during both the menstrual (dorsum: P < 0.1; big toe: P<0.05) and luteal (dorsum: P<O.OOl; big toe: P<O.OOl) phases, as compared with the corresponding values obtained in the men at either visit (Table 2 ). There was also a positive correlation between serum oestradiol concentrations and the blood flow values measured at heart level on the dorsum of the foot ( r = 0.501, P< 0.05). Moreover, the three women studied at different stages of two consecutive ovulatory cycles showed highly reproducible experimental results (Table 3) . Unlike ovulatory cycles, during the late phase of Table 2 . Postural changes in skin blood flow measured on the dorsum of the foot and the pulp of the big toe in 15 women at different phases of 22 ovulatory cycles, and in 13 men at two separate visits
The changes in arterial blood pressure, heart rate, body temperature, foot skin temperature and body weight are also shown. Heart rate (beats/min) 67A± 84.7±2.8 Table 3 . Arterial blood pressure, heart rate, body temperature, foot skin temperature, body weight and the postural changes in skin blood flow measured in three women during the menstrual, follicular and luteal phases of two consecutive ovulatory cycles
Values are given as means Arterial blood pressure (mmHg)t the two anovulatory cycles, the postural vasoconstrictor response was maintained (Table 4) . The four women who reported premenstrual ankle oedema showed significantly higher flow values particularly in the dependent position, as well as a significantly higher increment in body weight during the luteal phase, than the rest of the women (Table 5) . Although with oedema than in women without oedema, the difference was not statistically significant (Table 5 ).
Foot swelling rate as related to postural vasoconstriction
In three men the simultaneously measured postural fall in flow and foot swelling rate were very consistent at the two visits (78.7 k 1.0% vs 79.6 f 1.O0/o, 0.062 f 0.007 vs 0.059f0.004 ml min-l 100 ml-' foot; Fig. 2) . In contrast, four women with ovulatory cycles showed an inverse relationship between the postural fall in flow and foot swelling rate. Thus, as compared with the values obtained during the menstrual phase (71.4 k 2.4%, 0.057i0.015 mi min-' 100 m1-l foot), there was a significantly greater postural fall in flow during the follicular phase associated with a reduction in foot swelling rate (85.2 f 1.9%, 0.030i0.004 ml min-l 100 ml-I foot), whereas during the luteal phase, there was a sigificantly impaired postural fall in flow associated with a significantly greater foot swelling rate (49.0 k 5.9%, 0.085 k0.012 ml min-' 100 ml-' foot) (Fig. 2) . Furthermore, a significant positive correlation was found between the absolute values of dependent flow and foot swelling rate measured in women at different stages of the cycle (Fig. 3) .
DISCUSSION
This study has demonstrated significant physiological variations in the postural vasoconstrictor response and the swelling rate of the dependent fool during the normal menstrual cycle. These variations appear to be related, in some way, to the physiological fluctuations in the blood levels of the female sex hormones. Most important is the observation that postural vasoconstriction is markedly impaired during the luteal phase of the cycle, particularly in women with premenstrual oedema. The partially augmented postural vasoconstrictor response during the follicular (oestrogenic) phase of the cycle might be ascribed to an oestrogen-induced potentiation of vascular smooth muscle contraction [8, lo] . On the other hand, the marked impairment of the response during the luteal phase of the cycle in skin areas with and without arteriovenous anastomoses is unlikely to be wholly attributable to an overriding reflex thermoregulatory vasodilatdtion due to increased body temperature, since we have previously shown that during indirect heating in man the postural response is impaired in the toe pulp (with anastomoses), but preserved in the dorsum of the foot (without anastomoses) [24] . Although the exact mechanism of the impaired postural vasoconstriction during the luteal phase of the cycle remains unclear, it has been shown that female sex hormones not only strongly influence vascular smooth muscle reactivity to several vasoactive agonists [7, 9] , but also modify the mechanisms involved in the synthesis, release or disposition of noradrenaline as well as the process of excitationcontraction coupling of the vascular smooth muscle [6]. This explanation is also supported by our previous observation that the use of combined oral contraceptive steroids is associated with markedly impaired postural vasoconstriction [22] . The significantly reduced diastolic and mean arterial pressures in women during the luteal phase of the cycle observed under carefully controlled experimental conditions in the present study might reflect a reduced resting peripheral vascular tone, and thus a reduced resting vascular resistance. This could provide further indirect evidence as to the mechanism by which the postural increase in precapillary resistance was markedly attenuated during the luteal phase.
The absence of any impairment of the postural response during the luteal phase of anovulatory cycles, when there was no increase in serum progesterone concentration, might indicate that progesterone is critically involved in the mechanisms leading to inhibition of this response. Indeed, in a recent study, progesterone concentrations were found to be significantly higher during the post-ovulatory phase in patients with premenstrual syndrome than in normal women [29] .
The association between an attenuated postural vasoconstrictor response (with greater dependent flow) and increased fluid filtration (foot swelling rate) and body weight in women during the luteal phase of the cycle adds further support to the view that the postural increase in precapillary resistance might be involved in the protection against the development of dependent oedema [16] . It could also strengthen the supposition that female sex A. A. K. Hassan et al. hormones are involved directly or indirectly in the pathogenesis of premenstrual cyclical oedema [17] [18] [19] . Although premenstrual swelling has been previously suggested to be related to changes in capillary permeability [30] or alterations in the vasopressin and/or the renin-angiotensin-aldosterone systems [ 181, the actual mechanism of this condition is not yet completely understood. However, the significantly higher dependent flow shown in our previous [22] and present study in women with premenstrual oedema during the latter phase of the cycle suggests that sex hormone-induced changes in peripheral vascular reflexes could be an important factor contributing to the complex pathogenesis of this condition. This hypothesis is supported by the observation of increased capillary filtration coefficient during the premenstrual period in women with premenstrual syndrome [31] , excessive increase in leg volume on standing in patients with idiopathic oedema [20] and the marked improvement of periodic orthostatic oedema when the patients were treated with vasoconstrictor drugs [21] .
It might be speculated that the attenuated postural vasoconstriction observed during the luteal phase of ovulatory cycles could result in excessive pooling of blood in the dependent extremities. As a consequence of the greater reduction in the central blood volume activation of the vasopressin and/or renin-angiotensin-aldosterone system, with a subsequent decrease in urinary volume and urinary sodium excretion [32] might ensue, thus leading to salt and water retention and an aggravation of the oedema state [20] .
In conclusion, this study confirms that female sex hormones have a modulating influence on peripheral blood flow and vascular tone. The partially impaired postural vasoconstriction during the luteal phase of the menstrual cycle might partly explain the incidence of premenstrual oedema in some women.
